Decellularization of animal corneas is a promising method for the development of artificial human corneas by tissue engineering. In this study, two different decellularization protocols were evaluated to determine which one is able to best preserve the histologic structure, composition, and optical behavior of decellularized porcine corneas. Then, these corneas were recellularized with human keratocytes to obtain a partial human corneal substitute. METHODS. Two different decellularization protocols were applied, using NaCl and SDS, to determine which one is able to best preserve the histologic structure, composition, and optical behavior of the decellularized corneas. Then, those decellularized corneas that showed the most appropriate results were recellularized with human keratocytes and evaluated at the histologic, biochemical, and optical levels for use in regenerative medicine. RESULTS. The results showed that 1.5 M NaCl treatment of porcine corneas is able to generate an acellular corneal stroma with adequate histologic and optical properties and that human keratocytes are able to penetrate and spread within this scaffold with proper levels of cell differentiation. In contrast, 0.1% SDS treatment of porcine corneas resulted in high levels of fibril disorganization and poor optical behavior of these corneas. CONCLUSIONS. In conclusion, the authors suggest that the decellularization of animal corneas with 1.5 M NaCl represents a useful method for the development of human bioengineered corneas with therapeutic potential. (Invest Ophthalmol Vis Sci. 2011;52:215-222)
T he cornea is the most important element in visual function regarding the refractive power of the different elements of the eye. 1 This property is due to the organized, transparent structure of the corneal stroma, which is essential for proper visual function. 2, 3 Moreover, the cornea constitutes a tight barrier that protects the internal elements of the eye from the aggression of the external environment. 4 There are numerous diseases that can affect this highly organized structure, leading to corneal opacification, visual impairment, and even blindness. Moreover, we must take into account that the only treatment at the moment for most of these diseases is corneal transplantation. 5 Nevertheless, there are two major disadvantages related to this procedure: graft rejection and the lack of donors. For that reason, from a clinical point of view it would be very useful to generate a corneal substitute for the human cornea.
Nowadays, corneal tissue engineering has emerged as a promising option to solve all these problems. At the time of this writing, several functional artificial corneas based on different types of matrices such as polymers, collagen, or fibrinagarose scaffolds have been developed. 4,8 -10 Although these bioengineered corneal constructs displayed proper levels of biocompatibility, mechanical stability, optical transparency, and refractive power, a promising alternative to these artificial corneas would be the use of corneal xenografts. However, one of the main limits to xenotransplantation in humans is the existence of natural antibodies to the terminal galactose ␣ 1,3 galactose (␣-gal) epitope expressed in the cell membranes of all mammals except those of humans and old world primates; these antibodies can mediate hyperacute or delayed rejection of the xenograft. 11 In this context, several research groups have chosen the porcine cornea as a suitable xenogeneic corneal matrix substitute to be decellularized, applying different decellularization procedures previously optimized in other tissues different from the cornea. 12 Ideally, a good cornea decellularization protocol should be able to fulfill four major gold-standard criteria: (1) proper decellularization efficiency, with elimination of all cells and cell debris from the decellularized xenograft; (2) proper elimination of all ␣-gal epitopes; (3) proper possibility of recellularization of the decellularized tissues using host cells; (4) proper optical behavior of the descellularized corneas. However, all methods described to date for cornea decellularization vary significantly in their efficacy, including the possibility of further recellularization of the acellular matrix. [13] [14] [15] [16] [17] In fact, recellularization of decellularized corneas with allogenic human keratocytes had not been achieved at the time of this writing.
In the case of the cornea, all the above-mentioned criteria are essential, since transparency of the cornea is highly dependent on two major parameters: the structure of the stromal matrix 18 and the shape, size, density, and structure of the corneal cells. 19 In fact, Meek et al. 18 considered the cornea to be a structure made only of collagen fibrils and extrafibrillar matrix, and they were able to demonstrate that fibril disordering, increased refractive index mismatch, and increased corneal thickness can account for an increase in light-scattering in human cornea using the direct summation of fields (DSF) method. 20 In contrast, Mourant et al. 19 suggest that the cells themselves would be responsible for the light scattered in small angles, the nuclei would be relevant in the greater angles, and small organelles such as mitochondria and lysosomes, would be responsible for the light scattered in large angles. Both the extracellular matrix and the corneal cells play a key role in the spectral transmittance function of the human cornea, which seems to be dominated by light-scattering processes rather than by absorption, with the latter being relevant only in the extreme short wavelength. 21 In the present study, we optimized and evaluated two different decellularization methods, using NaCl and SDS to determine which one is able to best preserve the histologic structure, composition, and optical behavior of the decellularized corneas. Then, those decellularized corneas that showed the most appropriate results were recellularized with human keratocytes and evaluated at the histologic, biochemical, and optical levels for use in regenerative medicine.
MATERIAL AND METHODS

Decellularization of Porcine Corneas
Ninety fresh porcine corneas were obtained from adult pigs immediately after their death at a local slaughterhouse. The eyes selected for the study had integral corneal surface with a horizontal corneal diameter of 12 to 14 mm. The native porcine cornea (NPC) with 2-mm scleral ring was removed with a 16-mm corneal trephine. Ten NPCs were used as controls. The corneal epithelium and endothelium were removed, using 4 mg/mL Dispase II for 45 minutes at 37°C. All the solutions in which porcine corneas were immersed had a mass ratio of 20:1 (solution:cornea). Corneas were washed thoroughly with 10% antibiotic-antimycotic solution (Invitrogen-Gibco, Carlsbad, CA) in phosphate-buffered saline (PBS) for 10 minutes and then washed in PBS. Two independent decellularization processes were performed: one using 1.5 M NaCl (applied to 50 corneas) and the other using 0.1% SDS in PBS (applied to 30 corneas). Both protocols were carried out with continuous shaking (200 rpm) for 12 hours at room temperature. Then, acellular porcine corneas (APCs) were washed three times with PBS for 30 minutes at room temperature with continuous shaking (200 rpm). Once decellularized and to eliminate the liquid excess, the APCs were kept in a specific chamber for 30 minutes. This chamber consisted of a 5-cm diameter stage where the APCs were introduced between several layers of paper towels (3MM; Whatman, Qiagen, Valencia, CA).
Obtaining Human Keratocytes
Corneal-scleral limbal rims of 14-mm diameter were obtained at the University Hospital of San Cecilio (Granada, Spain), after the removal of Ϯ7-mm central corneal buttons for corneal transplantation. Stromal keratocytes were isolated from fragments of corneal stroma that remained attached to the sclerocorneal limbus, by using collagenase I (Invitrogen-Gibco) at 37°C for 6 hours. The culture medium used was DMEM supplemented (DMEMs) with 10% fetal calf serum, 4 mM L-glutamine, and 1% antibiotic-antimycotic solution (InvitrogenGibco). All cells were incubated at 37°C in 5% carbon dioxide under standard culture conditions. All experimental protocols, including the use of both human and animal tissues, were approved by the Institutional Review Board and Institutional Animal Care and Use Committee of Granada University Hospital San Cecilio. This work adhered to the Declaration of Helsinki and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. For the use of human corneal rims after trephination of the donor buttons for research purposes, a written approval was obtained from the legal representatives of the donors according to the protocols established by the Spanish National Organization for Human Transplantation (ONT).
Recellularization of APCs
After washing the APCs with PBS, we immersed 20 of them treated with NaCl in DMEMs (20:1 mass ratio) for 3 hours. Then, the culture medium was removed, and 200,000 human keratocytes were seeded on the corneal surface at room temperature. After 2 hours, the corneas were completely submerged in DMEMs to a mass ratio of 20:1. All recellularized corneas (RCs) were incubated at 37°C in 5% carbon dioxide under standard culture conditions for 14 days. This recellularization process was applied only to APCs decellularized with the protocol that most efficiently preserved the original structure of the native cornea (i.e., corneas decellularized with NaCl).
Histology and Fluorescence Immunohistochemistry Evaluation
For light microscopy, native and bioengineered corneas were fixed in 4% formaldehyde, dehydrated in an ethanol series, and embedded in paraffin. Cross sections were cut, 4 m thick, stained with hematoxylin and eosin or Alcian blue, and examined with a light microscope.
The expression of ␣-gal epitope and aldehyde dehydrogenase 1 (ALDH1) was determined by fluorescence immunohistochemistry, using paraffin-embedded tissue sections corresponding to NPCs, APCs, and RCs.
First, paraffin was removed from the tissue sections, using xylene, and the samples were rehydrated in water through a graded series of alcohols (100%, 96%, 70%, 50%, and water). Then we used a 0.01 M citrate buffer (pH 6.0) at 95°C for 10 minutes for antigen retrieval. After blocking any unspecific binding sites using bovine serum albumin, we incubated the samples with the primary antibodies for 1 hour at room temperature. Mouse monoclonal antibodies against the ␣-gal epitope (ALX-801-090-L002, clone M86; Alexis Biochemicals, Lausen, Switzerland) were applied 1:20. Goat polyclonal antibody against ALDH1 (PC713, purified goat polyclonal antibody; Calbiochem, Darmstadt, Germany) was used 1:300. Incubation with secondary antibodies was carried out for 30 minutes using FITC-conjugated anti-mouse antibody (F9137, dilution 1:500; Sigma-Aldrich, St. Louis, MO) or CY3-conjugated anti-goat antibody (C-2821, dilution 1:500; Sigma-Aldrich). Finally, the slides were counterstained with DAPI and photographed by light microscope (Eclipse i90; Nikon, Tokyo, Japan).
To determine the efficiency of both the decellularization and the recellularization methods, histologic images corresponding to each tissue type were obtained. Then, the number of remaining nuclear debris (60 decellularized corneas: 30 treated with NaCl and 30 treated with SDS) and the number of keratocytes (20 recellularized corneas) were determined per each field, by using imaging software (NISElements; Nikon) in the automatic detection mode, taking into account that 12 microscopic fields per sample were used for the statistical analysis. All values obtained in this work corresponded to corneal stroma fields of 2700 m 2 .
Fiber Orientation Analysis and Surface Characterization
Surface characterization and analysis of stromal fiber orientation of the samples dyed with hematoxylin and eosin was performed with SurfCharJ ImageJ plug-in for surface assessment (ImageJ software, developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html). 22 This plug-in allows for the calculation of structure orientation based on the mean resultant vector 23 and plots the frequency of azimuthal angles for estimating the preferred orientation. To analyze the fiber orientation of the whole APC, we first obtained individual hematoxylin and eosin staining pictures of the anterior and the posterior half of the APC. Then, the analysis was carried out individually for each picture, and average values were calculated.
Evaluation of the Optical Proprieties of the Corneas
Spectral distribution of the reflectance of the decellularized and recellularized corneas was determined by using a spectroradiometer, (SpectraScan PR-704; Photo Research, Inc., Chatsworth, CA) with 4% mea-surement accuracy. The percentage of repeatability of the measurements was much lower (the SD of repeat measurements over a 15-minute period was Ͻ0.1%). The specimens were situated in a cabinet (CAC 60; Verivide Ltd., Leicester, UK) and a source simulating the spectral relative irradiance of CIE (The International Commission on Illumination) standard illuminant D65 was used. Illuminating and viewing configurations were CIE d/0°geometry. For the measurements the specimens were situated over a black-and-white background.
The measurements were made in the center of the samples. Nonsignificant differences were found between the spectral reflectance values of each place (P Ͼ 0.05). Before each measurement, the sample thickness was determined with an optical microscope (CO11; Olympus, Lake Success, NY).
The scattering coefficient (S) was calculated algebraically from the spectral reflectance data of each tissue using Kubelka-Munk (K-M) equations. 24, 25 This phenomenologic scattering coefficient is a pure function of the physical scattering coefficient of the medium to be studied. 26 Using the secondary optical constants (a and b) and the scattering coefficient (S) we calculated the transmittance as
Statistical Analysis
Statistical comparison of the average number of remaining nuclear debris between NaCl-and SDS-treated APCs and fiber orientation parameters of NPCs, APCs, and RCs was carried out by using the nonparametric Mann-Whitney U test. Absolute average values for the scattering and absorbance curves were compared by using the same statistical test, whereas the trend, as determined by the shape of the curve, was compared using the VAF (value adjustment factor) test.
All tests were performed two-tailed and a Bonferroni-adjusted P Ͻ 0.0025 was considered as statistically significant, since up to 20 statistical tests were performed (0.05/20 ϭ 0.0025).
RESULTS
Evaluation of APCs Decellularized with SDS-and NaCl-Based Protocols
As shown in Figure 1 , the macroscopical transparency level of corneas decellularized with NaCl was similar to that of the control NPC. However, SDS-treated corneas apparently showed lower transparency than the other types of corneas.
Histologic analysis, using DAPI and hematoxylin and eosin staining of APCs subjected to NaCl or SDS decellularization protocols, revealed that both methods were able to eliminate all cells previously present in the corneas, although some nuclear debris remained in both cases (Fig. 2) ; however, the efficiency of both decellularization methods was different and APCs treated with SDS showed a lower level of remaining nuclear debris than APCs treated with NaCl (average, 1.6 Ϯ 1.8 for SDS and 4.5 Ϯ 2.0 for NaCl). Differences were statistically significant (P Ͻ 0.001). In addition, the stroma in the APCs treated with SDS was partially disorganized in comparison to that in the NaCl-treated APCs and NPCs. Both decellularization protocols maintained the presence and the integrity of Bowman's layer and Descemet's membrane, as determined by hematoxylin and eosin (Fig. 2) .
On the other hand, fiber orientation analysis using the SurfCharJ ImageJ plug-in (Fig. 2) demonstrated that APCs subjected to the NaCl decellularization protocols showed a fiber distribution that was very similar to the control NPCs, whereas SDS-treated APCs displayed a high level of fiber disorganization. In fact, the direction of the fibers of SDS-treated APCs, as determined by DAF (direction of azimuthal facets) was significantly different from that of the control NPCs (P ϭ 0.001), with polar plot images showing high fiber disorientation in the anterior part of the cornea. In contrast, DAF and polar plot images of NaCl-treated APCs were comparable to those of the control NPCs (P Ͼ 0.05). In the same sense, polar facet orientation (both the mean PFO and variation MFOV) and surface area (SA) showed that the organization and orientation of the fibers were more similar to those of the controls for NaCltreated APCs than for SDS-treated APCs, with differences being statistically significant only for SDS-treated APCs (P ϭ 0.001 for PFO and DAF and P Ͻ 0.001 for SA for the comparison of NPCs and SDS-treated APCs).
Moreover, as shown in Figure 2 , Alcian blue staining showed that proteoglycans were distributed throughout the NPCs, with an increase in concentration in the most anterior part of the stroma. APCs treated with NaCl presented Alcian blue dye intensity levels that were comparable to those of NPCs, except for the most anterior corneal stroma, in which stain intensity was lower than that of the NPCs. In the third place, APC treated with SDS changed this pattern, showing lower dye intensity in all the stroma in comparison to NPCs and APCs treated with NaCl. Hence, the most anterior stroma decellularized with SDS did not display any proteoglycan expression level at all.
The immunofluorescence analysis of ␣-gal protein expression showed regular distribution of ␣-gal epitope across all the thicknesses of the stroma of the NPCs (Fig. 2) . Regarding the APCs, corneas treated with both kinds of decellularization protocols did not display any significant expression of ␣-gal epitope.
Finally, evaluation of the optical properties of the APCs showed that the spectral distribution of the transmittance and the K-M scattering coefficient of APCs treated with NaCl and SDS were very similar to those of the control NPCs, as determined by VAF analysis (VAF Ͼ 95.49% in Table 1 , Fig. 3 ). In fact, the K-M scattering coefficient decreased with increasing wavelength, and this decrease was more pronounced for the short and medium wavelengths. In terms of transmittance, the spectral distribution of both types of APCs approximated well that of the control NPCs, although statistically significant differences were found for all samples analyzed (P Ͻ 0.001, Table 1 ).
FIGURE 1.
Macroscopical appearance of NPC (1) and corneas decellularized with 1.5M NaCl (2) and 0.1% SDS (3). All corneas were set on a black-andwhite stripped background to show transparency.
Recellularization Efficiency
Hematoxylin and eosin staining of APCs recellularized with human keratocytes demonstrated that human cells were able to migrate and spread into the acellular corneal stroma decellularized with NaCl (Fig. 4) . These results were confirmed by DAPI fluorescence staining. Furthermore, our histologic analysis revealed that the number of cells in the recellularized APCs was comparable to that of the control NPCs (average, 11.9 Ϯ 5.3 cells per field for recellularized APCs vs. 9.5 Ϯ 2.1 cells per field for NPCs; P Ͼ 0.05), although the distribution of the cells could be more irregular in recellularized APCs in comparison with the control NPCs (Fig. 4) .
Moreover, keratocytes expressed high levels of ALDH1 protein (a marker of mature keratocytes) after 3 weeks in culture, as demonstrated by fluorescence immunohistochemistry (Fig. 5) .
On the other hand, our optical analysis revealed that the spectral behavior of the scattering coefficient and transmittance of RCs was very similar to those of the control NPCs (VAF Ͼ 99.32%; Table 1 ). In addition, we found that the transmittance increased when corneas were recellularized, suggesting that human keratocytes may play a key role in maintaining corneal transparency. As shown in Figure 6 , both the K-M scattering coefficient and the transmittance values of RCs tended to mimic those of the control corneas after 2 weeks in culture. In the same sense, both the NPCs and RCs had a spectral dependency that was proportional to the inverse of the cube of the wavelength. Statistically, we obtained significant differences for all comparisons performed (P Ͻ 0.001, Table 1 ).
DISCUSSION
Generation of artificial corneas based on decellularization methods should fulfill requirements similar to those of native human corneas, including biocompatibility, immunologic acceptance, mechanical integrity, and optical transparency. 8, 13 These decellularized corneas should also provide the specific microenvironment for the stromal and epithelial cells to migrate and repopulate the tissue graft, both in vitro and in vivo.
Most of these requirements depend on the perfectly organized structure of the corneal stroma, which is very difficult to mimic in the laboratory. Moreover, human and porcine corneas have a great amount of similarities regarding their physical and chemical properties, as previously described. 14, 27 In fact, porcine corneas are commonly used as an animal model due to their availability from meat-packing houses and their relative similarity to human corneas. 28 Various physical properties of porcine corneas have been investigated and compared with corneas of pigs, mice, rabbits, sheep, cats, dogs, and cows. These studies found that water, hydroxyproline and chondroitin-sulfate contents were approximately constant across the species, except for mice, and that keratin-sulfate content increased with corneal thickness, whereas dermatan-sulfate content decreased.
14 Therefore, decellularization scaffolds emerge as promising tools in tissue engineering due to their similarity to native tissues and their availability. 28 However, one of the major problems for xenotransplantation in humans is the presence of natural human antibodies against ␣-gal epitope, which induces mild cellular rejection. The decellularization process carried out in this study eliminated most of the ␣-gal epitope signal, as shown by immunofluorescence. Hence, our decellularized corneas may be immunologically accepted by a human host once implanted in vivo.
Several decellularization protocols have been described to date. However, none of them appeared to be the ideal method for application in human corneal regeneration. Some research groups have described several corneal decellularization methods using physical and chemical protocols to remove cells from the corneal xenograft. [13] [14] [15] [16] [17] 29, 30 Even when successful results have been described by these groups, there are some disadvantages involved in the majority of the protocols used. 12 In most cases, the highly organized structure of the collagen stroma fibers becomes impaired after the decellularization process, with partial elimination of some key extracellular matrix components such as proteoglycans.
In this context, NaCl and SDS have been proposed as highly efficient decellularization methods. Several research groups have previously applied NaCl along with other chemical elements to remove cells from tissues like mesangial glomerulus and dermis. 31, 32 Recently, Oh et al., 13 described the use of NaCl to decellularize anterior sliced animal stromas of 250 m thickness. In the present study, we described two different methods based on the use of NaCl and SDS to generate a full-thickness acellular corneal stroma. Our results suggest that NaCl treatment of porcine corneas generates better results, with a fiber distribution that was very similar to that of the control NPCs, as demonstrated by histologic and surface orientation analysis. Although the protocol based on SDS treatment resulted in proper decellularization levels, the disorganization of the collagen fibers and the excessive degree of proteoglycan removal hampers the use of this type of protocol. In contrast, the use of NaCl on full-thickness corneas was able to efficiently decellularize these organs without affecting the fibril orientation or the proteoglycan composition of the decellularized cornea.
Moreover, optical analysis confirmed that the use of NaCl did not significantly disrupt the fibril orientation compared with SDS treatment, since optical scattering of NaCl-treated corneas was lower than that of SDS-treated corneas. In concordance with that, the highest transmittance levels were found for corneas treated with protocols based on NaCl, although these levels were lower than those of the NPC due to the higher scattering that was found in decellularized corneas. This high scattering may be associated with a partial disorganization of the extracellular matrix fibrils, the loss of cells within the stroma, and the change of the refractive index, because the areas that were previously populated by stromal keratocytes are now occupied by a fluid in the decellularized corneas. These factors strongly influence the increase in scattering. 18 There are several hypotheses that have been advanced relating cornea structure and transparency. Features of the ultrastructure of the cornea, such as fibril length, most probable orientation of the fibrils, and angle between optic and geometric axis of the fibrils, can be described applying a nonrandom assembly of anisotropic fibril model to the light-scattering patterns of human cornea. 33 McCally and Farrell 34 investigated the wavelength dependency of scattering within the cornea and concluded that the range of the ordering of the collagen fibrils (e.g., short-distance versus long-distance order) would affect scattering. Therefore, estimation of the scattered light is essential to evaluate the orientation of the corneal fibrils, as with the corneal transparency. In our study, just like the results obtained by McCally and Farrell, 34 we found that the recellularized corneas treated with NaCl also adjusted to the spectral dependency of the scattering, proportional to the inverse of the cube of wavelength. This cubic wavelength dependency of the scattering in our corneas is in contrast with the Rayleigh four-power dependency, which assumes no regularity of the scattering particles and that these particles have negligible dimensions compared with the wavelength. 34 To determine the optical properties of the corneas, we used a simple, noninvasive method that has been widely used to evaluate the optical properties of different tissues. 35, 36 By applying this method, we demonstrated that the NaCl-treated APCs showed a fiber distribution that was very similar to that of the control corneas, whereas SDS-treated APCs displayed a high level of fiber disorganization. This finding is supported by the results for the optical properties of the NaCl-treated APCs, where scattering and transmittance values were comparable to those of the control cornea.
Recellularization of acellular corneal stromas is one of the most important steps to develop a human corneal substitute in the laboratory. Although the need for repopulation of decellularized scaffolds is controversially discussed, 37 in this work we wanted to evaluate the capability of our corneal model to be repopulated by well-differentiated human keratocytes for tissue engineering purposes and to determine the optical properties of the recellularized corneas. In this context, we have described the first partial human cornea substitute that is based on decellularized porcine corneas further recellularized with human keratocytes. The method described here is able not only to maintain the structure of the native cornea, but also to offer a proper microenvironment for keratocytes to penetrate and proliferate within the stroma. Although the distribution of the cells in the native cornea could be more uniform, keratocytes were able to properly spread into the decellularized scaffold, reaching a number of cells that was very similar to that of the control corneas. In addition, the characteristic expression of ALDH1 by human keratocytes was not affected, suggesting that APCs were repopulated by mature stromal cells. ALDH1 is a distinctive marker of keratocytes that has been used in another study to distinguish differentiated keratocytes from myofibroblasts, which do not express ALDH1. 38 Moreover, this enzyme seems to act as an essential element for keeping the transparency of the cornea. 39 In the embryo, development of corneal transparency is associated with decreased light-scattering from postnatal keratocytes together with a marked increase of ALDH1 expression levels, 40 which is similar to our findings.
Our results suggest that 1.5 M NaCl treatment of porcine corneas generates an acellular corneal stroma with adequate histologic and optical properties, offering a proper microenvironment for human keratocytes to penetrate and keep their differentiation within the stroma. These substitutes recellularized with human keratocytes could have therapeutic potential. APCs with various thicknesses could be generated to repair specific defects of the corneal stroma and could eventually be used as a treatment for different kinds of corneal diseases.
